Abstract. Indoleamine 2, 3-dioxygenase (IDO) catalyzes the degradation of trytophan, which serves a key role in immune suppression via regulating the production of several metabolites. The present study aimed to explore the effects and mechanisms of IDO in the repair of human airway epithelium suppressed by dexamethasone (DEX). Cell viability, proliferation and migration were evaluated using a Cell Counting Kit-8 (CCK-8), 5(6)-carboxyfluorescein diacetate succinimidyl ester (CFSE) labeling, and wound-healing assay, respectively. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR), western blot analysis and ELISA were performed to assess the levels of IDO, the mitogen-activated protein kinase (MAPK)/extracellular regulated kinase (ERK) pathway-related factors and epidermal growth factor (EGF) expression, respectively. The results revealed that overexpression of IDO enhanced the cell viability, and promoted the proliferation and migration of 16HBE cells which repair was inhibited by DEX. Furthermore, it was indicated that overexpression of IDO affected the MAPK/ERK pathway. In conclusion, overexpression of IDO promoted the human airway epithelium repair inhibited by DEX through affecting MAPK/ERK pathway. The present study implied that IDO may be a potential genetic therapeutic agent and supported the utilization of IDO in asthma.
Introduction
Asthma is one of the most common chronic inflammatory airway diseases along with airway epithelial cells injury, which seriously threat to the health of human worldwide (1, 2) . It is surveyed by World Health Organization (WHO) that there are approximately 235,000,000 people suffering from this disease and causes about 255,000 deaths worldwide annually (3) . The airway epithelium contacts physical stimuli, inhaled allergens, pollution, bacteria, viruses, and respiratory drugs firstly, and plays the part of an obstruction between the interior of living bodies and exterior environment (4) . Previous studies have demonstrated that the repair process of airway epithelium in asthma was defective fundamentally, and abnormal airway epithelial shedding was observed in asthmatic patients (5) (6) (7) . The proposed therapeutic approach of asthma was the combination of glucocorticoids (GCs) and β 2 receptor agonist. However, the treatment was unable to prevent the recurrence of asthma and the rising of incidence year by year. Hence, to investigate new exact mechanisms and molecular pathways activated in asthma is necessary in developing novel treatment measures and therapeutic drugs in asthma.
Dexamethasone (DEX) represents one of the common GCs drugs, which have been widely used in the treatment of asthma, chronic obstructive pulmonary disease, and rheumatoid arthritis (8, 9) . GCs play a role in regulating the target gene transcription of glucocorticoid receptors (GR) (10) . In the meantime, GCs also possess anti-inflammatory effect through inhibiting the transcription of inflammatory transcription factors, including nuclear factor-kappa B (NF-κB) and activator protein 1 (AP-1) (11) . It has been reported that GCs could significantly reduce the proliferation of airway epithelial cells in asthmatic patients and inhibit the airway epithelium repair through restraining the early proliferation and migration of airway epithelial cells (12, 13) . Nevertheless, the accurate mechanism in the process of airway epithelium repair inhibited by GCs is not clear.
The repair of airway epithelium is achieved primarily through the interaction of epidermal growth factor (EGF) with its epidermal growth factor receptor (EGFR) to activate the mitogen-activated protein kinase (MAPK)/extracellular regulated kinase (ERK) signaling pathway. MAPK/ERK pathway plays a critical role in the process of cell survival, proliferation, migration and differentiation (14) . Increasing evidences have shown that the activation of MAPK/ERK pathway Overexpression of indoleamine 2, 3-dioxygenase contributes to the repair of human airway epithelial cells inhibited by dexamethasone via affecting the MAPK/ERK signaling pathway promoted the proliferation, migration and differentiation of peripheral cells around the damage (15, 16) . Recent studies also have revealed that mitogen-activated protein kinase (Mek1/2) and Erk1/2 specific inhibitors in the MAPK/ERK pathway markedly inhibited the repair of airway epithelium injury (13, 17) . Furthermore, GCs significantly inhibited the phosphorylation of v-raf-1 murine leukemia viral oncogene homolog 1 (Raf-1) and activation of downstream MAPK/ERK pathway activated by growth factors (18, 19) . However, Raf-1 phosphorylation is widely considered to be the up-stream signal molecule that plays a key role in the activation of MAPK/ERK pathway. Therefore, we conjectured that GCs inhibited human airway epithelial cells repair might through inhibiting the phosphorylation of Raf-1 and the activation of MAPK/ERK pathway. Indoleamine 2, 3-dioxygenase (IDO) is a rate-limiting enzyme, which has the function of catalyzing the oxidative decomposition of pyrrole ring in tryptophan molecule (20) . IDO widely distributed in the tissues of humans and other mammals (21) , including lung, neuroglia, endothelial cells, and visceral epithelial cells (22) (23) (24) (25) . And the secretion of IDO is impacted by lipopolysaccharide, cytokines, tumor necrosis factor-α (TNF-α), and interferon γ (IFN-γ) (26) . It has been demonstrated that the IDO transcriptional induction is the mechanism of neuroendocrine disorders triggered by chronic inflammation (27) . Studies also have found that IDO played an essential role in depressive disorder and Alzheimer's disease (28, 29) . Nevertheless, as far as we known, the effects and mechanisms of IDO in human airway epithelial cells repair inhibited by DEX have not been reported yet.
Collectively, in this study, we explored the biological roles of IDO on the repair of human airway epithelium inhibited by DEX. Furthermore, mechanisms analysis indicated that IDO positively regulated the expression levels of Raf-1, Mek1/2, and Erk1/2. Together, our study elucidated that IDO promoted the repair of human airway epithelial cells inhibited by DEX through affecting the MAPK/ERK pathway.
Materials and methods
Reagents. All of the products utilized in cell-culture were obtained from Gibco; Thermo Fisher Scientific, Inc., (Waltham, MA, USA). Antibodies were obtained from Abcam (Cambridge, UK). The inhibitor of ERK (PD98059; Item: ML4829; CAS: 167869-21-8) was gained from YuduoBio (Shanghai, China). And the inhibitor of HMGB1 (R, S-Sulforaphane; Item: S6317; CAS: 142825-10-3) was gained from HengfeiBio (Shanghai, China).
Cell culture. The human lung bronchial epithelial cell line (16HBE) was obtained from AATCC (American Type Culture Collection, Manassas, VA, USA). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) mixed with 10% fetal bovine serum (FBS) in a 5% CO 2 atmosphere at 37˚C. Afterwards, cells were observed under an inverted microscope for the growth status.
IDO gene recombinant adenovirus transfection. Cultured 16HBE cells were transfected with objective gene adenovirus (CMV-IDO1-EGFP; FUBIO, Shanghai, China) and sowed into 12-well plates at a density of 1x10 5 cells per well. After the cells were complete adherence, transfection could be carried out. Before transfection, 500 µl fresh 16HBE cells medium were added to each well to replace the quondam cells. 15 µl adenovirus was added to the wells, and then cells were cultured in the incubator after shaking (37˚C, 5% CO 2 , 95% relative humidity). 8 h later, the medium with adenovirus was removed and cells were washed by PBS twice. Fresh medium were added to the cells and cells were then cultured in the incubator (37˚C, 5% CO 2 , 95% relative humidity). After 30 h, 16HBE cells transfected with IDO gene were harvested.
Western blot analysis. Proteins from 16HBE cells were obtained and bicinchoninic acid assay was performed to detect the protein concentration. After that, equal quantity of proteins (50 µg) were solubilized in 5x sodium dodecyl sulfate (SDS)-sample buffer and separated on the SDS polyacrylamide gels (Thermo Fisher Scientific, Inc.). Separated proteins were then transferred onto a polyvinylidene fluoride membrane (EMD Millipore, Billerica, MA, USA). After blocking, the membranes were incubated with anti-IDO (dilution, 1:500; ab55305); anti-p-Raf-1 (dilution, 1:500; ab208449); anti-Raf-1 (dilution, 1:1,000; ab50858); anti-p-Mek1/2 (dilution, 1:1,000; ab194754); anti-Mek1/2 (dilution, 1:1,000; ab215263); anti-p-Erk1/2 (dilution, 1:1,000; ab201015); anti-Erk1/2 (dilution, 1:1,000; ab17942); anti-GAPDH (dilution, 1:1,000, ab8245; all from Abcam) antibodies overnight at 4˚C. After that, horseradish peroxidase-conjugated secondary antibodies (bs-0293M; BIOSS, Beijing, China) were added and incubated at room temperature for 1 h. The results of all the assessments were evaluated by enhanced chemiluminescent reagents (EMD Millipore).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
About 5x105/well 16HBE cells were cultured in 6-well plates and treated with control, NC [Adenovirus empty vector; FUBIO, Shanghai, China], DEX (D1756; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), or IDO. And then the total RNA was extracted from 16HBE cells by TRIzol (DP405-02; Tiangen Biotech Co., Ltd., Beijing, China) as suggested by the manufacturers. Afterwards, two microliters of RNA was used for cDNA synthesis with a first strand cDNA kit (Sigma-Aldrich; Merck KGaA) following the specification. RT-qPCR was performed on the SYBR Green Premix Reagent (Takara Bio, Inc., Otsu, Japan) by ABI 7500 Thermocycler (Applied Biosystems; Thermo Fisher Scientific, Inc.). The PCR cycles were under the following conditions: 10 min pretreatment at 94˚C, 95˚C for 5 sec, 65˚C for 30 sec (35 cycles), 95˚C for 15 sec, 60˚C for 1 min, 95˚C for 15 sec, a final extension at 72˚C for 10 min and held at 4˚C. The primers were designed by Shanghai Sangong Pharmaceutical Co., Ltd., (Shanghai, China) and were as followed: IDO, forward: 5'-ATG CAG ACT GTG TCT TGG CA-3' and reverse: 5'-GCG CCT TTA GCA AAG TGT CC-3' (product: 222 bp); Ki67, forward: 5'-CGT CCC AGT GGA AGA GTT GT-3' and reverse: 5'-GCC ATT ACG TCC AGC ATG TT-3' (product: 673 bp); HMGB1, forward: 5'-CGG AGG GAT TAC GCT GAC GA-3' and reverse: 5'-CTT TGG GAG AGC GGA CTA CG-3' (product: 212 bp); glyceraldehyde 3-phosphate dehydrogenase (GAPDH), forward: 5'-AAT GGG CAG CCG TTA GGA AA-3' and reverse: 5'-GCG CCC AAT ACG ACC AAA TC-3' (product: 168 bp). And GAPDH was used as the control for the input RNA level.
Cell viability analysis. Cell Counting Kit-8 (CCK-8;
Beyotime Institute of Biotechnology, Shanghai, China) assay was performed to evaluate the cell viability. About 6x10 4 cells/ml of 16HBE cells in the logarithmic phase were sowed into the wells of 96-well plates and cultured in the incubator (37˚C, 5% CO 2 ) for 12 h. Cells were treated with control, NC, DEX, or IDO, respectively. Cells were then maintained in the incubator (37˚C, 5% CO 2 ) for 12 h. The absorbance at 450 nm was read by enzyme labeling instrument. Cell viability was evaluated by the percentage of cell survival compared with control.
ELISA. Cultured 16HBE cells were treated with control, NC, DEX, or IDO, respectively. Then wells were sealed up by adhesive tape, and incubated for 90 min at 37˚C. 100 µl biotinylated antibody fluids were added to each well, except for the blank wells. Then wells were sealed up by adhesive tape and maintained at 37˚C for 60 min. Enzyme solution was prepared in advance for 30 min, and placed away from the light at room temperature. After washing, 100 µl enzyme solutions were added to each well. Wells were sealed with adhesive tape and maintained at 37˚C for 30 min. After washing, chromogenic substrate was added to each well, except for the blank wells. Then plates were incubated in the dark at 37˚C for 10-15 min. The stop solution was added to each well, and mixed in 10 min immediately. Finally, the OD450 value was measured.
5(6)-carboxyfluorescein diacetate succinimidyl ester (CFSE)
labeling. Cultured 16HBE cells were suspended in PBS at a final concentration of 1x10 6 cells/ml. After that, 5 µM CFSE (Thermo Fisher Scientific, Inc.) was added into the cells. After maintaining at 37˚C for 10 min, cells were treated with 10 volumes of ice-cold culture medium (10% FBS). Then cells were maintained on ice for 5 min. After centrifugation, cells were washed by medium twice and subsequently seeded in 24-well plates (about 1x10 5 cells per well). Afterwards, flow cytometry was performed to evaluate the CFSE fluorescence intensity.
Wound-healing assay. Cultured 16HBE cells were seeded in 24-well plates (about 1x10 5 cells per well) and treated with control, NC, DEX, or IDO, respectively. Cells were incubated for 15 days until the fusion rate to 100%. Horizontal lines were drawn by a 10 µl pipette tip at the bottom of the 24-well plates through the culture hole. Cells were washed by Hanks liquor three times to remove the crossed cells. The serum-free medium (1% B27, 2 mmol/l glutamine, and 10 µl/ml penicillin-streptonmycin) was added to cells. Cells were maintained in the incubator (37˚C, 5% CO 2 ) and pictures were taken using a fluorescence microscope after culturing for 24 or 0 h and 24 h, respectively.
Statistical analysis. Our data were expressed as mean ± SEM of at least three independent experiments. Statistical analysis was performed using IBM SPSS statistical software (v19; IBM Corp., Armonk, NY, USA). The differences in characteristics among the experimental groups in western blot analysis, RT-qPCR analysis, cell viability analysis, ELISA, CFSE labeling, and wound-healing assay were examined by one-way ANOVA and Tukey's test. P<0.05 was considered to indicate a statistically significant difference.
Results

Expression of IDO mRNA and IDO protein in 16HBE cells.
We detected the effect of IDO on the expression of IDO mRNA and IDO protein in 16HBE cells. We found that IDO significantly enhanced mRNA levels of IDO after treatment compared with the untreated control cells and treated with NC cells (P<0.05; Fig. 1A ). According to the western blot results (Fig. 1B) , the protein levels of IDO in 16HBE cells treated with IDO were markedly higher than control group and NC group (P<0.05). Thus, it was confirmed that the expression levels of IDO were enhanced by IDO gene in airway epithelial cells in vitro.
Overexpression of IDO enhanced the cell viability of 16HBE cells inhibited by DEX.
The results of CCK-8 assays showed that the cell viability of 16HBE cells treated with DEX and NC+DEX were significantly lower than untreated control cells, while a sharp increase was observed in 16HBE cells treated with IDO+DEX (P<0.05; Fig. 1C ). According to the processing time, we found that the trends of cell viability with 48 h treatment were more obvious than those with 12 and 24 h. These results indicated that overexpression of IDO enhanced the cell viability of 16HBE cells inhibited by DEX.
Overexpression of IDO promoted proliferation and migration of 16HBE cells inhibited by DEX.
As CFSE labeling results shown in Fig. 2 , the cell proliferation rates of 16HBE cells treated with DEX were markedly lower than control (P<0.05). However, after treating with IDO, the cell proliferation rate was distinctly increased (P<0.05; Fig. 2 ), which indicated that overexpression of IDO enhanced the cell proliferation capacity of 16HBE cells inhibited by DEX. Moreover, we found that DEX obviously restrained the 16HBE cells migration, while IDO evidently remitted the suppression and promoted the cell migration, as assessed by wound-healing assay (P<0.05; Fig. 3 ). Furthermore, we also evaluated the expression levels of related proliferation-and migration-associated factors in 16 HBE cells in each group. We found that the EGF expression in five treatment groups had no significant differences, which indicated that DEX and overexpression of IDO had little effect on the EGF expression (Fig. 4A) . The mRNA expression levels of Ki67 and high-mobility group box 1 protein (HMGB1) were significantly reduced by treating with DEX, while sharp increases were observed in IDO+DEX groups (P<0.05; Fig. 4B ). These results revealed that DEX significantly down-regulated the expression levels of Ki67 and HMGB1, while IDO markedly up-regulated the Ki67 and HMGB1 expression. Therefore, we could draw the conclusion that overexpression of IDO promoted the proliferation and migration abilities of 16HBE cells inhibited by DEX through regulating the expression levels of Ki67 and HMGB1, respectively.
Overexpression of IDO affected the MAPK/ERK pathway.
Furthermore, we detected the expression levels of p-Raf-1, Raf-1, p-Mek1/2, Mek1/2, p-Erk1/2, and Erk1/2 in 16 HBE cells from each group. Western blot results indicated that the expression levels of p-Raf-1 in 16HBE cells treated with DEX were significantly lower than control; in the meantime, distinct increases of p-Raf-1 levels were observed in the 16HBE cells treated with IDO (P<0.05; Fig. 5A ). However, the expression levels of Raf-1 in five groups had no significant difference (Fig. 5A) . The expression levels of p-Mek1/2 in DEX groups were markedly lower than control, while the p-Mek1/2 levels were evidently increased by treating with IDO (P<0.05; Fig. 5B) . Nevertheless, the expression levels of Mek1/2 in five groups had no significant difference (Fig. 5B) . And compared with control group, the expression levels of p-Erk1/2 were markedly reduced by DEX, while the p-Erk1/2 expression in 16HBE cells treated with IDO was significantly enhanced (P<0.05; Fig. 5C ). Besides, the expression levels of Erk1/2 in all of the groups had no significant difference (Fig. 5C) . Therefore, it was affirmed that overexpression of IDO affected the MAPK/ERK pathway in the repair of human airway epithelial cells inhibited by DEX.
In order to further verify the impact of ERK and HMGB1 on the cell proliferation and migration modulated by overexpression of IDO, the ERK inhibitor (PD98059) and HMGB1 inhibitor (R, S-Sulforaphane) were used in our current study. According to the CFSE labeling results, we found that after inhibiting the expression of ERK, the cell proliferation of 16HBE cells from each treatment group was evidently reduced (P<0.05; Fig. 6A ). The wound-healing assay data also indicated that inhibition of ERK obviously lessened the migration ability of 16HBE cells (P<0.05; Fig. 6B ). Moreover, it was proved that the migration ability of 16HBE cells was distinctly decreased by treating with HMGB1 inhibitor (P<0.05; Fig. 6C ). Hence, we could testify the conclusion above that overexpression of IDO modulated the cell proliferation and migration of 16HBE cells through regulating the expression levels of ERK and HMGB1. 
Discussion
Asthma is mainly characterized by chronic airway inflammation, and airway epithelial injury represents a critical pathological basic of asthma. The dysfunctional epithelium in asthmatic patients reveals abnormal structures, biochemical and immune functions, which together lead to barriers of the airway epithelium defence. It has been proved that the desquamation parts of airway epithelium had significant structural changes (30) . Ovalbumin (OVA) sensitization is a common method used for establishing asthma models, which was typical of airway epithelium abscission together with cell apoptosis and could not been inhibited by regular hormone therapy (6) . Studies have demonstrated that the related proteins maintaining integrity of airway epithelial cells in asthmatic patients were changed, including tight junction protein, adhesion junction protein, E-cadherin, basal cell marker, and cytokeratin-5 (31-33). In the meantime, abnormal release of growth factors and production of extracelluar matrix from airway epithelial cells in asthmatic patients were observed (34, 35) . These reasons above are important factors that affect the repair of airway epithelial cells.
IDO is known as an immunosuppressive enzyme, which plays an important role in inducing autoimmune diseases, maternal fetal immune tolerance, tumor escape, and transplantation immune tolerance (36) . Previous studies have proved that IDO was expressed by many tumors as well as by infiltrating leucocytes presented within the tumor microenvironment (37) (38) (39) . It has been demonstrated recently that airway epithelial cells produced IDO, and IDO contributed to the epithelial cells-mediated inhibition of T cell activation (40) . Therefore, in the present study, we investigated the mRNA and protein expression levels of IDO in human airway epithelial cells treated with IDO. It was suggested that compared with NC, IDO significantly up-regulated the expression of IDO in 16HBE cells. There is evidence that long-term inhalation of GCs might give rise to lung damage in asthmatic patients (41) , and DEX has been proved that inhibited the repair of airway epithelium (42) . However, the effects of IDO on the cell viability and proliferation capacity of airway epithelial cells are not clear. In our study, we found that the 16HBE cell proliferation capacity suppressed by DEX was obviously enhanced by overexpression of IDO. Hence, to the best of our knowledge, we confirmed that IDO expression affected the 16HBE cells growth and proliferation. Furthermore, we evaluated the expression levels of EGF and Ki67 in 16HBE cells treated with IDO. EGF and Ki67 act as growth factors, and play a critical role in the airway epithelial cell growth and proliferation. According to the previous studies, the expression levels of EGF in human airway epithelial cells could be regulated by retinol and all transretinoic acid (43, 44) . However, our results revealed that the EGF expression in 16HBE cells was not affected by IDO. Additionally, overexpression of IDO markedly enhanced the expression level of Ki67 in 16 HBE cells. All together, it was demonstrated that overexpression of IDO strengthened the cell proliferation capacity of airway epithelial cells suppressed by DEX through regulating the expression level of Ki67. Besides, we also found that overexpression of IDO significantly enhanced the migration ability of 16HBE cells inhibited by DEX. The abilities of migration and wound repair of airway epithelial cells were demonstrated that could be strengthened by ATP-mediated activation of dual oxidase 1 (45) . Nevertheless, the effective role of IDO played in promoting airway epithelial cell migration was first studied in our research. We also investigated the exact mechanisms of IDO affecting the airway epithelial cell migration. On the basis of reported literature (46), we chose HMGB1 as the object of study. It was indicated that overexpression of IDO significantly enhanced the mRNA expression level of HMGB1 in 16HBE cells suppressed by DEX. These results suggested that overexpression of IDO enhanced the migration ability of 16HBE cells inhibited by DEX via up-regulating the expression level of HMGB1. It has been demonstrated that the expression of MAPK/ERK pathway in human airway epithelial cells could be impacted by 15-Lipoxygenase 1 interacts with phosphatidylethanolamine-binding protein. Nevertheless, the relationship between IDO and the regulation of MAPK/ERK pathway in human airway epithelial cells is not clear. Therefore, we assessed the expression levels of phosphorylated Raf-1, Mek1/2, and Erk1/2 in 16HBE cells treated with DEX and IDO. The results showed that overexpression of IDO enhanced the phosphorylation of Raf-1, Mek1/2, and Erk1/2 in 16HBE cells suppressed by DEX. These consequences indicated that overexpression of IDO might be an important regulator in the control of MAPK/ERK pathway in human airway epithelium.
In our study, we proved that overexpression of IDO contributed to the repair of 16HBE human airway epithelial cells inhibited by DEX via affecting the MAPK/ERK pathway. However, there also had some limitations in our works. We have only assessed one human lung bronchial epithelial cell line in our investigation, which might have limitations about the current conclusion. Hence, in the future, the in vivo DEX-induced rat models will be further used to investigate the roles and mechanisms of IDO in the therapy of asthma. Moreover, we noted that Akt/mTOR signaling pathway might be involved in mediating the effects of IDO treatment on cell migration and proliferation, which will also be considered in our subsequent research.
In the current study, it is suggested that the overexpression of IDO is conducive to the repair of human airway epithelial cells inhibited by DEX. According to the previous article, functional IDO expression is high in the lung (47) . It has been proved that immature dendritic cells expressing IDO inhibit OVA-induced allergic airway inflammation in vivo (48) . In addition, another study has confirmed that knocking down IDO activity markedly decreased the ability of human airway epithelial cells (40) . However, the IDO-only treated control group has not been designed in this study. Of course, the addition of the IDO-only treated control group will make the experiment more convincing.
Studies have reported that the asthmatic airway epithelium revealed injury and shedding after GCs treatment. Our results found that overexpression of IDO enhanced the proliferation and migration of 16HBE cells inhibited by DEX. Besides, IDO overexpressing up-regulated MAPK/ERK pathway in 16HBE cells treated with DEX. Altogether, our findings first suggested that overexpression of IDO contributed to the repair of human airway epithelium suppressed by DEX through up-regulating MAPK/ERK pathway. Our work provided an understanding that IDO might be a potential genetic therapeutic agent and supported the utilization of IDO in asthma.
In conclusion, the inhibition of epithelial injury repair by DEX was ameliorated in part by the overexpression of IDO, which enhanced airway epithelial cell viability, proliferation, and migration through up-regulating the MAPK/ERK pathway.
